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^^C NMR study of superconductivity near charge instability realized in 
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To investigate the superconducting (SC) state near a charge instability, we performed ^"^C NMR 
experiments on the molecular superconductor /3"-(BEDT-TTF)4[(H30)Ga(C204)3]-C6H5N02 , 
which exhibits a charge anomaly at 100 K. The Knight shift which we measured in the SC state 
down to 1.5 K demonstrates that Cooper pairs are in spin-singlet state. Measurements of the 
nuclear spin-lattice relaxation time reveal strong electron-electron correlations in the normal state. 
The resistivity increase observed below 10 K indicates that the enhanced fluctuation has an electric 
origin. We discuss the possibility of charge-fluctuation-induced superconductivity. 



PACS numbers: 74.25. nj, 74.70.Kn, 75.25.Dk 

Superconductivity appearing in close proximity to 
magnetism has fascinated researchers because of its un- 
conventional superconducting (SC) pairing mechanisms. 
For example, in the Ce-based heavy fermion supercon- 
ductor CeCu2Si2, the Cooper pairs are mediated by mag- 
netic fluctuations that are enhanced near the magnetic 
quantum critical point (QCP) [l|, [ll- A similar scenario 
has been applied to the interpretation of the SC state 
in high SC transition temperature cuprate, pnictide, as 
well as organic superconductors such as (TMTSF)2PF6 
d and K-(BEDT-TTF)2X 0, H], and successfully ex- 
plained the physical properties. 

Holmes etal. have suggested a novel mechanism that is 
triggered by an increase in the SC transition temperature 
Tc of CeCu2Si2 under pressures greater than 3 GPa, at 
which the system approaches to the second critical point 
ascribed to a valence instability [1]. Theory indicates 
that the enhanced charge susceptibility near an electric 
QCP increase Tc. The experimental results that evidence 
the charge-fluctuations-induced superconductivity is re- 
quired. Charge ordering is observed in several BEDT- 
TTF salts with a- and 0- type structures, and some of 
them undergo the SC transition in the charge-ordered 
state. A theoretical study shows that an unconventional 
SC state can be realized in these compounds near charge 
instability 0, Hi , as expected for other superconductors 
observed near magnetic QCPs. Since resistivity and op- 
tical experiments clearly reveal the charge instability in 
BEDT-TTF salts, an investigation of the SC state is es- 
sential. However, few such investigations have been re- 
ported because the low Tel— 1 K) value has restricted 
detailed experiments. 

Superconductivity was observed at rather high tem- 
perature reaching 9 K in /3" type structure /3"-(BEDT- 
TTF)4[(H30)A/(C204)3]-y with M = Ga, Fe and Cr and 
Y = C6H5NO2 or CgHgCN These compounds 

consist of alternating BEDT-TTF layers and anion block 
layers as shown in Fig. [Ija). The metallic conductiv- 
ity is governed by the positive carriers injected into the 
two-dimensional BEDT-TTF layers. Unlike k-(BEDT- 



TTF)2X near antiferromagnetism, magnetic anomaly 
is absent for these /?" family compounds, whereas the 
anomaly associated with charge ordering is observed at 
approximately 100 K by Ramari spectroscopy and elec- 
trical transport measurements [12l |. Superconductivity 
in these salts must be investigated experimentally to un- 
ravel the nature of superconductivity in the vicinity of 
the charge instability. 

In addition to the interplay between charge ordering 
and superconductivity, the extremely high upper critical 
field Hc2 of 33 T, which is almost three times the Pauli- 
Clogston limit, must be investigated [l2|- In a magnetic 
field, superconductivity is suppressed by the Pauli de- 
pairing effect To sustain superconductivity in high 
magnetic field, an unconventional SC state is introduced 
by Fulde, Ferrel, Larkin and Ovchinnikov (FFLO state) 
0; llBl- In the FFLO state, Pauli depairing effect is 
suppressed by allowing a real-space modulation of the 
SC gap. Another possibility is the spin-triplet SC state 
in which the Pauli depairing is irrelevant because Cooper 
pairs can preserve their spin degrees of freedom. To com- 
prehend the high-field SC state, SC pairing symmetry 
must be determined from low-field experiments. 

NMR spectroscopy is a powerful technique to micro- 
scopically investigate the electronic properties of both 
normal and SC states. Although "C NMR measure- 
ment detects only the magnetic properties, we found an 
anomaly associated with charge instability through the 
modification of the local spin susceptibility. To examine 
the SC properties of /3" salts, we measured the nuclear 
spin- lattice relaxation time (Ti) and Knight shift (K) at 
low temperatures. 

In this Letter, we focus on the f3" salt with M — Ga 
and Y = C6H5NO2, which exhibit superconductivity at 
7.5 K. Single crystals were grown using the electrocrystal- 
lization technique as described in Ref. [l^ . We obtained 
two single-crystal phases, either plates or needles. The 
crystalline parameters of the needle crystal are consistent 
with those reported for the SC samples Magnetiza- 
tion and resistivity measurements on the needle crystal 
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FIG. 1: (a) The crystal structure of /3"-(BEDT- 

TTF)4[(H30)Ga(C204)3]-C6H5N02 [H (space group C2/c). 
The inequivalent BEDT-TTF molecules denoted by A and B 
occupy nearly identical sites with small difference at ethylene 
groups, (b) The structure of our BEDT-TTF molecule. Only 
one side of the central C=C bond is enriched with ^^C isotope 
to suppress the Pake doublet. (c)^'^C NMR spectra for field 
along 6-axis. Single peak at high temperature splits into two 
peaks at 40 K, at which carriers are disproportionated. The 
spectral splitting allows us to estimate Ap ~ 0.2e. K = Q 
indicates a position determined by cr = 82 ppm (see text). 



detect the SC transition at 7.5 K, in accordance with pre- 
vious reports Typical dimensions of the SC needle 
sample are 1 x 0.1 x 0.2 mm^. The single-crystal x-ray 
diffraction revealed that the longest axis is parallel to the 
crystalline a-axis. For the NMR experiment reported in 
this Letter, external magnetic fields were applied along 
the 6-axis, which is the second longest axis of the crys- 
tal. To reduce spectral broadening due to sample mis- 
alignment, ^■^C NMR spectra were acquired for one single 
crystal. To measure Ti, which does not require high fre- 
quency resolution, we aligned thirty single crystals on a 
flat sample holder to improve the NMR signal intensity. 

When neighboring ^"^C nuclear spins are magnetically 
coupled, the NMR shift of the ^"^C resonance cannot be 
correctly determined, because the nuclear spin-spin cou- 
pling splits it into two peaks (Pake doublet [16|). For 
BEDT-TTF molecules, couphng of the "C nuclei at the 
central C=C bond (Fig. [1] (b)) is sufficiently strong to 
result in this Pake-doublet problem [17]. Therefore, we 
eliminated the Pake doublet by the selective enrichment 
of one side of the central C=C bond with ^'^C using the 
cross-coupling method between non-enriched ketone and 
"'^^C-enriched thio-ketone forms flS^. 

Figure [^c) shows ^"^C NMR spectra measured in a 
magnetic field of 9.4 T. A single peak was observed at 250 
K, at which the system is in a paramagnetic state. Crys- 
tallographically, /3" salts possesses eight nonequivalent 



"'^^C sites in a magnetic field, which are due to the multi- 
plication of the two nonequivalent BEDT-TTF molecules 
for /?" modification (A and B sites in Fig.[TJa)), and the 
two ^■^C sites at the central C=C bond of each molecule, 
and an additional two nonequivalent molecular sites cre- 
ated by the external magnetic field. When the field is 
applied exactly along the glide plane (|| 6), four NMR 
peaks from four nonequivalent ^■^C sites are expected, be- 
cause the later symmetry-breaking effect of the magnetic 
field is suppressed. The observed single-peak spectrum 
is a superposition of these four spectra. The absence of 
clear spectral splitting is due to the similarity in crystal- 
lographic sites between nonequivalent A and B molecules, 
which is evident from the crystal parameters. 

A spectral broadening was observed at 100 K where an 
anomaly associated with charge ordering is detected by 
Raman spectroscopy [l^ . The spectrum first splits into 
two peaks at 40 K before merging again to form a broad 
single peak below approximately 20 K. The progressive 
development of the spectral shape from 100 K down to 
40 K indicates that a spatial disproportion and not per- 
fect charge localization occurs in the carrier density at 
100 K and evolves with temperatures. This scenario is 
also consistent with the moderate temperature depen- 
dence of the electric resistivity below 100 K 12]. The 
charge imbalance Ap between charge-rich and poor sites 
can be estimated from the spectral split at 40 K. The 
NMR frequency shift 5 is expressed in terms of the spin 
susceptibility (xs) and the chemical shift (cr) as 



5 = K + <j = Axs 



(1) 



Here, the Knight shift K is connected to Xs through 
the hyperfine coupling constant A, and enables us to 
measure the local charge density p because A depends 
on p. First, because a is specific to the BEDT- 
TTF molecule, we employ a chemical-shift tensor for 
a- (BEDT-TTF) 2I3 [H to evaluate a for ;3"-(BEDT- 
TTF)4[(H30)Ga(C204)3]-C6H5N02 in the field H \\ b 
and find a as 82 ppm. Next, we assume that the average 
split-peak position gives the formal charge of BEDT-TTF 
molecules (p = 0.5e), to obtain K = 260/o. The charge 
imbalance Ap is finally estimated to be 0.2e from the 
peak separation AK ~ 50 ppm, which is in good agree- 
ment with A/5 determined by Raman spectroscopy [20| . 

In the charge disproportionate state below 100 K, elec- 
trons are still itinerant preserving their spin degrees of 
freedom. We investigated the nature of electronic spin 
fluctuations by measuring Ti , and the results under mag- 
netic fields of 3.6 and 7.0 T are displayed in Fig. [2l For 
two fields, we observed an increase in (TiT)~^ below 
50 K down to approximately 10 K. The temperature- 
dependent {TiT)~^ contrasts starkly with the Fermi liq- 
uid behavior, which is characterized by a temperature- 
independent (TiT)^^. In general, (TiT)~^ is expressed 
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FIG. 2; Temperature dependence of {TiT)~^ measured at 
3.6 and 7 T. In the charge disproportionate state, {TiT)~^ 
increases below 50 K down to 10 K, which indicates strong 
electron-electron correlations. An anomaly associated with 
superconductivity is barely observed at Tc — 5.8 K, because 
(TiT)^^ has already decreased from its peak value at 10 K. 
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in terms of dynamic susceptibility x"((7,a;) as 



1 



(2) 



and is increased by the enhanced magnetic fluctuations 



due to strong electron-electron correlations [2l[. The 
increase in {TiT)~^ above Tc indicates that electron- 
electron correlations are strong when superconductivity 
sets in. In the vicinity of charge instability, the dynamic 
susceptibility can also be enhanced by charge fluctua- 
tions, which modify the local charge density, and accord- 
ingly, the spin density. 

The nuclear spin-lattice relaxation rate measured via 
^^C NMR can only detect fluctuating magnetic fields 
at the ^'^C site, but cannot reveal their origin. Thus, 
we measured the in-plane resistivity as a complementary 
probe. A semiconducting behavior was observed in a 
temperature range (10 ^ 100 K), in which (TiT)"^ in- 
creases, as already reported in Ref. [l^l, where the semi- 
conducting behavior is interpreted as the segregation of 
metallic and semiconducting phases. Instead, based on 
the NMR-shift data shown below, we propose a uniform 
electronic state. The increase in resistivity below 100 
K is due to the scattering of conduction electrons by 
low-energy charge fluctuations. For the /?" family of 
compounds without magnetism, enhanced charge fluc- 
tuations in the vicinity of a charge instability increase 
x"(q,u}) by spin-charge coupling. The anomaly associ- 
ated with superconductivity is barely observed at Tc, be- 
cause (TiT)^^ start decreasing at 10 K, which is much 
above Tc(4 T) — 5.8 K. We discuss the anomalous elec- 
tronic state below 10 K down to Tc later. Although this 



FIG. 3: (a) ^'^C NMR spectra at low temperature for ^oH = 
4.23 T. Below Tc, the full spectral weight shifts to the position 
indicated by the arrow labeled A" = 0. Disappearance of 
spectral weight at 300 ppm at low temperatures reveals the 
absence of phase segregation, (b) Temperature dependence 
of NMR shift determined by peak position. The dashed line 
is a guide to the eyes. 



anomalous state masks the SC properties, the absence of 
the Hebel-Slichter peak slightly below Tc may indi- 
cate unconventional superconductivity. 

We detected the clear signature of SC properties (i.e., 
the spin symmetry of Cooper pairs) by measuring the 
Knight shift. Figure shows ^^C NMR spectra for 
temperatures below 11 K. The full spectral weight has 
shifted below Tc, which indicates bulk superconductiv- 
ity without phase separation, and therefore a uniform 
electronic state for the normal state. Figure Wih) shows 
the temperature dependence of NMR shift determined 
by the peak positions. The NMR shift starts decreas- 
ing at Tc(4 T) = 5.8 K, and approaches approximately 
100 ppm at K. When the spin susceptibility completely 
vanishes in the SC state, the NMR shift is identical to 
CT = 82 ppm. The suppression of spin susceptibility below 
Tc and the agreement between the residual NMR shift at 
the lowest temperature and tr strongly suggest that spin 
susceptibility is almost reduced to zero in the SC state 
because of the formation of spin-singlet Cooper pairs. We 
exclude the spin-triplet scenario for the interpretation of 
very large value of Hc2 ■ We suggest that an FFLO state 
may be created above the Pauli limiting field of 12 T. 
Therefore, a high-field NMR experiment is essential to 
unravel the high-field SC state. 
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FIG. 4: (a) Magnified view of (TiT)"^ near (b) NMR 
line width (left scale) plotted together with the resistivity 
(right scale) measured under ^oH ~ 4 T. An abrupt increase 
is observed in both the line width and resistivity below 10 K, 
at which (TiT)~^ starts decreasing. rc(4 T) is determined to 
be 5.8 K from the peak in resistivity. 



by the enhanced charge fluctuations. Further experi- 
mental and theoretical studies on superconductivity in 
/3"-(BEDT-TTF)4[(H30)Ga(C204)3]-C6H5N02 will re- 
veal the physics at work near charge criticality. 

To conclude, we have performed a ^'^C NMR exper- 
iment on single-crystal samples, and found that spin- 
singlet superconductivity occurs in the charge dispro- 
portionate state. Because we can exclude the suppres- 
sion of Pauli depairing effect by parallel-spin pair for- 
mation, we suggest an FFLO state for the high-field 
SC state. The increase in (TiT)-^ below 50 K down 
to 10 K provides an evidence that the electrons are 
strongly correlated in the normal state. At temper- 
atures above Tc, we also observed a low-temperature 
anomaly in (TiT)~^, the NMR line width, and resistiv- 
ity, and highlighted the importance of charge fluctua- 
tions in understanding superconductivity in /3"-(BEDT- 
TTF)4[(H30)Ga(C204)3]-C6H5N02 . 

We acknowledge T. Inabe for the x-ray diffraction ex- 
periment and H. Kato for the resistivity measurement. 
This work was partially supported by Grant-in-Aid for 
Young Scientists (B) (No.23740249). 



We now discuss the anomalous electronic state above 
Tc- In the temperature range Tc < T < 10 K, the de- 
crease in (TiT)^^ is accompanied by an abrupt increase 
in resistivity and the spectral width, as indicated by the 
dashed line in Fig. 01 Moreover, this increase in the 
resistivity has been observed in the magneto-resistance 
at the corresponding temperatures [l^ . The decrease in 
(TiT)~^ could be interpreted as the suppression of the 
density of states (DOS) by preformed SC pairs as is 
suggested for high-Tc cuprate superconductors, and k- 
(BEDT-TTF)2A:. However, the invariance of (TiT)-i 
data in magnetic fields of up to 7 T, which are strong 
enough to suppress by approximately 30 %, demon- 
strates clearly that the precursor of SC instability is ir- 
relevant. Instead, we suggest that the normal state DOS 
is suppressed by a gap in a part of Fermi surface, which 
is induced by strong electron-electron correlations. 

The suppression of the normal-state DOS cannot in- 
crease the spectral width. We propose an incommensu- 
rate distribution of the local susceptibility as the origin 
of the spectral broadening below 10 K. The mechanisms 
resulting in the 10-K anomaly is different from that for 
the 100-K anomaly. The clear spectral splitting, which 
appears below 100 K in Raman and NMR spectra, indi- 
cates that the charge disproportion is commensurate with 
the crystalline lattice. The origin of the commensurate 
charge ordering is often ascribed to the off-site Coulomb 
interaction, whereas the enhanced charge susceptibility 
by Fermi-surface nesting can result in an incommensurate 
charge ordering. We underline that the low-temperature 
anomaly is caused by the Fermi-surface nesting, and su- 
perconductivity occurring subsequently could be induced 
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